Background: Proteinase 3 activity is poorly controlled by physiological inhibitors, and its biological function is not well understood.
The function of neutrophil protease 3 (PR3) is poorly understood despite of its role in autoimmune vasculitides and its possible involvement in cell apoptosis. This makes it different from its structural homologue neutrophil elastase (HNE). Endogenous inhibitors of human neutrophil serine proteases preferentially inhibit HNE and to a lesser extent, PR3. We constructed a single-residue mutant PR3 (I217R) to investigate the S4 subsite preferences of PR3 and HNE and used the best peptide substrate sequences to develop selective phosphonate inhibitors with the structure Ac-peptidyl P (O-C 6 H 4 -4-Cl) 2 . The combination of a prolyl residue at P4 and an aspartyl residue at P2 was totally selective for PR3. We then synthesized N-terminally biotinylated peptidyl phosphonates to identify the PR3 in complex biological samples. These inhibitors resisted proteolytic degradation and rapidly inactivated PR3 in biological fluids such as inflammatory lung secretions and the urine of patients with bladder cancer. One of these inhibitors revealed intracellular PR3 in permeabilized neutrophils and on the surface of activated cells. They hardly inhibited PR3 bound to the surface of stimulated neutrophils despite their low molecular mass, suggesting that the conformation and reactivity of membrane-bound PR3 is altered. This finding is relevant for autoantibody binding and the subsequent activation of neutrophils in granulomatosis with polyangiitis (formerly Wegener disease). These are the first inhibitors that can be used as probes to monitor, detect, and control PR3 activity in a variety of inflammatory diseases.
There are ϳ100 active serine proteases with a trypsin/chymotrypsin-like fold that are encoded by distinct human genes, but the physiological substrates and in vivo function of most of them are still poorly characterized. Although they are potential therapeutic targets in a large number of diseases, only a few inhibitors, primarily those that interfere with the coagulation cascade (factor Xa, thrombin inhibitors), have been approved for clinical use (for review see Ref. 1) . Human proteinase 3 (PR3) 2 (EC 3.4.21.76) is a neutrophilic serine protease that shares many structural and functional characteristics with human neutrophil elastase (HNE) (EC 3.4.21.37) (2, 3). Large amounts of both proteases are stored intracellularly in so-called primary granules and contribute to the breakdown of extracellular matrix components in infectious and inflammatory diseases, especially those of the lung (4) . PR3 has also been identified as the principal autoantigen in one clinical subtype of systemic autoimmune vasculitis, granulomatosis with polyangiitis (GPA) (formerly Wegener disease) (5) (6) (7) . The PR3 in activated neutrophils with destabilized lysosomal membranes can induce apoptosis and hence accelerate their death in inflamed tissues (8) . Unlike HNE, PR3 is also present in highly mobile secretory vesicles and is translocated to the outer plasma membrane under certain conditions of priming (9) . Furthermore, very small amounts of PR3 are constitutively exposed on the outer surface of circulating neutrophils (10) . This genetically determined constitutive distribution is a unique feature of human PR3 that may explain its function of autoantibody target in vasculitides (11) . Naturally occurring inhibitors of PR3 in the extracellular compartment and blood plasma target HNE preferentially, which makes investigating and understanding its biological function particularly complex (12) .
Peptidyldiphenyl phosphonate inhibitors are irreversible transition state inhibitors that form a tetrahedral adduct with the serine 195 residue (chymotrypsin numbering) of the catalytic triad (13, 14) . They selectively inhibit serine proteases, are chemically stable in several buffers and in the plasma under acidic and neutral conditions, and are effective at low concentrations (15) . They can also be used as activity-based probes for labeling serine proteases at the cell surface (16) and even within the cell when synthesized in a membrane-permeable form (17) . These inhibitors, therefore, seem to be most appropriate for dissecting the intracellular and extracellular biological roles of enzymatically active PR3 whether free or membrane-bound. We and others have shown that the substrate binding site of PR3 extends on both side of the catalytic site and that the Asp residues at P2 and P2Ј (nomenclature of Schechter and Berger (18) ) are essential to obtain selectivity toward PR3 (19, 20) . Our goal was to produce an inhibitor that was selective for PR3 and had a sequence that binds only to the nonprime subsites of the protease. Having an Asp at P2 is not sufficient to ensure a selective interaction with PR3; we therefore used the difference between the structures of the S4 subsites of PR3 and HNE to determine whether the cooperation between the S4 and the S2 subsites could provide inhibitors selective for PR3.
We designed a tetrapeptide to be the peptide moiety of a PR3selective, irreversible, easy-to-handle chlorodiphenyl phosphonate inhibitor. This compound has proved to be a successful probe for detecting PR3 activity in biological samples or for visualizing and monitoring PR3 both inside cells and at the cell surface.
EXPERIMENTAL PROCEDURES
Production of proI217R-The proI217R mutant was produced in Sf9 insect cells using the pMT/BiP/proPR3/His vector as a matrix and two complementary primers (5Ј-ccaaggaatagactccttcgtgaggtggggatgtgcc-3Ј and 5Ј-ggcacatccccacctcacgaaggagtctattccttgg-3Ј). The mutation was introduced using the Quik-Change Lightning Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA), and its presence was checked by sequencing (MWG Biotech). We established a stable cell line using antibiotic selection, and the cells were cultured in Schneider medium supplemented with 10% fetal bovine serum. We used CuSO 4 to induce synthesis of the protein, which was purified by affinity chromatography on a chelating Sepharose fast flow resin column (Amersham Biosciences), eluted with a gradient of imidazole. The proI217R was activated as described previously for recombinant wtPR3 and the K99L (19) .
Synthesis of Peptidyl Phosphonate
Inhibitors-The first step in the synthesis of the phosphonic analog of alanine was the preparation of tri(4-chlorophenyl)phosphite from 4-chlorophenol and phosphorus trichloride (21) . Briefly, phosphorus trichloride (10 mmol) was added to 4-chlorophenol (30 mmol) dissolved in acetonitrile (50 ml), and the mixture was refluxed for 6 h. The volatile elements were removed in a vacuum, and the resulting crude phosphite, a yellow oil, was used directly in an amidoalkylation reaction. It was mixed with benzyl carbamate (12 mmol) and acetaldehyde (12 mmol) and refluxed in acetic acid for 3 h (Oleksyszyn and Powers (22) The peptides were synthesized manually by the solid-phase method using Fmoc (fluoromethyloxycarbonyl chloride) chemistry. The following amino acid derivatives were used: Fmoc-Pro, Fmoc-Tyr(tBu), Fmoc-Asp(OtBu). The protected derivative of the C-terminal amino acid residue, Fmoc-Asp(OtBu), was attached to the 2-chlorotritylchloride resin (substitution of Cl Ϫ 1.46 meq/g) (Calbiochem) in the presence of an equimolar amount of diisopropylethylamine (based on the amino acid) under anhydrous conditions in dichloromethylene solution. Peptide chains were elongated in consecutive cycles of deprotection and coupling. They were deprotected with 20% piperidine in dimethylformamide (DMF)/n-methylpyrrolidone (1:1, v/v) plus 1% Triton X-100, whereas chain elongation used standard differential interference contrast/hydroxybenzotriazole chemistry; 3 eq of protected amino acid derivatives were used. The same method was used to couple biotin and fluorescent compounds (used as N-protected Fmoc derivatives). A 10-fold molar excess of N-acetylimidazole in DMF was used for N-terminal acetyl derivates. Bt-[PEG] 66 -Pro-Tyr-Asp-Ala P (O-C 6 H 4 -4-Cl) 2 was synthesized by coupling the ␣-(9-fluorenylmethyloxycarbonyl)amino--carboxyl poly(ethylene glycol) Fmocpolyethylene glycol-66 (PEG 66 ; M r 3000 Da) to the amino group of Pro. The N-terminal biotin group was introduced stirring a 5-fold molar (1.8 mmol) excess of biotin and 1,3-diisopropylcarbidiimide in 2 ml of anhydrous DMSO for 6 h at 30°C. The synthesized peptides were cleaved from the resin with trifluoroacetic acid/ hexane/acetic acid (1:6:1, v/v/v).
Fully protected peptides were dissolved in DMF, and their carboxyl groups were activated with 1,3-diisopropylcarbidiimide to which were added HBrϫH 2 N-Ala P (OPh) 2 in DMF and diisopropylethylamine. The mixture was stirred for 6 h, and the DMF was evaporated off under reduced pressure. The resulting compound was suspended in trifluoroacetic acid/phenol/triisopropylsilane/H 2 O (88:5:2:5, v/v/v/v) for 2 h to remove sidechain protecting groups.
The crude peptides were purified by high performance liquid chromatography (HPLC) on a Beckman Gold System (Beckman) with an RP Kromasil-100, C8, 5 m column (8 ϫ 250 mm) (Knauer, Berlin, Germany). The solvent systems were 0.1% trifluoroacetic acid (A) and 80% acetonitrile in A (B). Either isocratic conditions or a linear gradient were applied (flow rate 3.0 ml/min, monitored at 226 nm). The purity of the synthesized peptides was checked on an RP Kromasil 100, C8, 5 m column (4.6 ϫ 250 mm) (Knauer). The peptides were eluted with a linear gradient of the above solvent system (10 -90% B) for 30 min and a flow rate 1 ml/min, monitored at 226 nm. Mass spectrometric analysis was done on a MALDI MS (a Biflex III MALDI-TOF spectrometer, Bruker Daltonics, Ettlingen, Germany) using a CCA matrix.
Enzyme Studies-Free wtPR3, I217R, K99L, and HNE (Biocentrum, Krakow, Poland) were titrated with ␣-1-proteinase inhibitor (23) . The specificity constants k cat /K m for fluorescence resonance energy transfer (FRET) substrates and para-nitroanilide (pNA) substrates synthesized by Genecust (Dudelange Luxembourg) were determined under first-order conditions (23) . All assays were performed at 37°C in 50 mM HEPES, 0.75 M NaCl, and 0.05% Nonidet P-40 (pH 7.4).
We measured the inactivation of proteases by substrate analog inhibitors in the presence of the substrate by competition for the enzyme binding site by the method of Tian and Tsou (24) . Product formation in the presence of an irreversible inhibitor approaches an asymptote in this system, as described by:
where [P∞] is the concentration of product formed at time approaching infinity, [P] is the concentration of product at time t, [Y] is the inhibitor concentration, and A is the apparent inhibition rate constant in the presence of the substrate. A is given by
where k ϩo is the rate constant for association of the inhibitor with the enzyme, K Ϫ1 is the inverted Michaelis constant, and [S] is the substrate concentration. The apparent inhibition rate constant A is the slope of a plot of log([P∞] Ϫ [P]) against t, to give the second-order rate constant of inhibition k ϩo . The rates of inhibition of PR3 and HNE were measured in 50 mM HEPES, 0.75 M NaCl, and 0.05% Nonidet P-40 (pH ϭ 7.4).
Identification of Cleavage Sites by Mass Spectrometry-HPLCpurified fragments of FRET substrates were diluted 20-fold in acetonitrile:water:formic acid (45:54.8:0.2) and analyzed by direct infusion in a 4-GHz MaXis ultra high resolution quadrupole-TOF mass spectrometer (Bruker Daltonics) equipped with an electrospray ion source. Spectra were acquired in positive ion MS mode over a 300 -3000 m/z range with a nebulizer gas pressure of 0.3 bars. The drying gas flow was 4 liter/min, and the temperature was 180°C. The acquisition rate was 1 Hz corresponding to spectra summations of 5494. External calibration was performed with the ESI-L Low Concentration Tuning Mix (Agilent Technologies). Electrospray ionization-high resolution mass spectrometry spectra were processed using DataAnalysis 3.1 software (Bruker Daltonics), and cleavage peptides were assigned using Paws Version 8.5.0.3 (ProteoMetrics, New York, NY).
Detection of PR3 in Biological Fluids-The volumes of cystic fibrosis (CF) sputa and 10ϫ concentrated urines from patients with bladder cancer were adjusted to give a final PR3 concentration of 10 -100 nM (4 -40 ng). These samples were incubated with compound 5 (150 nM final) for 20 min at 37°C in 50 mM HEPES, 0.75 M NaCl, and 0.05% Nonidet P-40 (pH 7.4). The reaction was stopped by adding 1 volume of 2ϫ SDS reducing buffer and heating at 90°C for 5 min. The components of the mixture were separated by SDS-PAGE, 12% SDS-polyacrylamide gel electrophoresis under denaturing conditions (4 -40 ng of protein per lane). They were transferred to a nitrocellulose (Hybond)-ECL (Enhanced Chemiluminescence) membrane at 4°C.
Extravidin-peroxidase Detection-Free sites on the membrane were blocked with 3% bovine serum albumin (BSA) in PBS (phosphate-buffered saline) or with 0.1% Tween in PBS for 90 min at room temperature (RT). Membranes were then given two quick washes with PBS, Tween 0.1% and incubated for 2 h at RT with extravidin horseradish peroxidase (HRP) (Sigma) (diluted 1/4000 in 3% BSA in PBS, Tween 0.1%). The extravidin-HRP-treated membrane was washed (3 ϫ 10 min) with PBS, Tween 1% and then incubated with HRP substrate for 1 min. Reactive bands were identified by chemiluminescence (ECL kit).
Immunodetection-Free sites on the membranes were blocked by incubation with 5% nonfat dried milk in PBS, 0.1% Tween for 90 min at RT. They were washed twice with PBS, Tween 0.1% and incubated overnight with a rabbit primary anti-PR3 antibody (1:700) followed by a goat anti-rabbit IgG secondary antibody (1:7000). These membranes were then washed and processed as above.
ELISA-The wells of Nunc Maxisorp plates were coated with purified wtPR3 and HNE by incubating them with enzyme (0.05 M in 100 l PBS) at 37°C for 1 h. The plates were washed 4 times with 200 l of PBS, Tween 0.1%. Bt-[PEG] 66 -PYDA P (O-C 6 H 4 -4-Cl) 2 (compound 9) (2.5 M final) in 100 l of HEPES buffer was added to each well, and the plates were incubated at 37°C for 180 min. The wells were washed 4 times with 200 l of PBS, Tween 0.1% and then saturated by adding 2% BSA in PBS (200 l/well) and incubated for 1 h at 37°C. The plates were washed again (4 ϫ 200 l PBS, Tween 0.1%) and incubated with extravidin-HRP (1/2000) or streptavidin-HRP (1/15000) in 0.1% Tween, 2% BSA in PBS for 2 h at RT. The plates were washed again and incubated with the chromogenic substrate ortho-phenylenediamine (Sigma). The reaction was stopped by adding H 2 SO 4 (2 M), and the absorbance at 492 nm was measured.
Flow Cytometry and Confocal Microscopy-Neutrophils were isolated from heparinized peripheral blood samples from healthy volunteers who gave their informed consent (25) . Purified quiescent neutrophils were suspended in PBS and fixed with 3.7% (v/v) paraformaldehyde (20 min at RT). They were washed twice with PBS and permeabilized with 0.5% (v/v) Triton X-100 (10 min at RT). Permeabilized cells were washed twice in PBS and then incubated for 20 min at RT with 10 M Bt-[PEG] 66 -PYDA P (O-C 6 H 4 -4-Cl) 2 (compound 9). These cells were then washed twice in PBS to remove unbound inhibitors, and free binding sites were blocked by incubation with 10% (w/v) BSA in PBS for 1 h. They were then incubated with Alexa Fluor 488 streptavidin (Invitrogen, diluted 1/1000 in 3% (w/v) PBS) for 1 h at RT. Flow cytometry or confocal microscopy were performed immediately after this last wash. For flow cytometry, cells were suspended in 200 l of PBS and examined in a flow cytometer Selective PR3 Activity-based Probes NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31779 equipped with a 488-nm argon laser. For microscopy, 200 l of suspended cells were centrifuged (500 g, 5 min) on a glass slide, treated with DAPI (4Ј,6-diamidino-2-phenylindole), and examined under a Zeiss Axio Imager fluorescence microscope.
RESULTS

Design of the Selective PR3-recognizing Peptide Sequence-
The charge distribution of the solvent-accessible surfaces in the vicinity of the substrate binding sites of PR3 and HNE differ significantly (20, 26) . The S2 pocket is smaller and more hydro-philic in PR3 than in HNE mainly because the Leu at position 99 is replaced by a Lys in the vicinity of both the S2 and S4 pockets (26) . Similarly, there is a charged arginyl residue at position 217 in HNE in the vicinity of the S4, whereas it is an Ile in PR3. We investigated the importance of the S4 subsite in PR3 by producing a new PR3 variant with an Arg at position 217 (I217R) (Fig.  1A) . The activities of the wild type and the two PR3 mutants (I217R, K99L (19)) were then assayed with peptide-based FRET protease substrates derived from the PR3/NE substrate ABZ-QPMAV2VQSVPQ-EDDnp (substrate 1) (19) bearing either a positively charged residue ABZ-QKMAV2VQSVPQ-EDDnp (substrate 2) or a negatively charged residue QDMAV-2VQSVPQ-EDDnp (substrate 3) at P4. The wtPR3, the PR3 mutants, and HNE all cleaved substrate 1 at the V-V bond with similar specificity constants ( Table 1) . Although replacing P4 Pro by a positively charged residue in substrate 1 (substrate 2) had no significant influence on the rate of hydrolysis, an Asp at P4 (substrate 3) strongly impaired cleavage by wtPR3 and K99L but not by I217R, which cleaved at the V-V bond with a significantly larger k cat /K m (Table 1 and Fig. 1, A and B) . Although replacing the Ala at P2 by Asp in substrate 1 (substrate 4) resulted in a large increase in the specificity constant with wtPR3 (19) , I217R still cleaved at the same V-V bond with a similar specificity constant (Table 1) . These observations strongly suggest that the S4 pocket greatly influences the substrate specificity of PR3. This was also demonstrated by replac-ing the Pro at P4 by Asp and the Ala at P2 by Asp. The resulting substrate (substrate 5) was not hydrolyzed by wtPR3 but was cleaved by I217R. As expected K99L did not cleave substrates with an Asp at either P2 or P4 (Table 1) . HNE still cleaved substrate 5, but cleavage was one bond downstream from the V-V bond (Fig. 1, A and B) , which is not a drawback when constructing inhibitors with no prime residues. We deduced from these data that the sequence Asp-X-Asp-Ala (DXDA) should be optimal for discriminating between PR3 and HNE in terms of selectivity, but that PR3 would have a greater affinity for Pro-X-Asp-Ala (PXDA).
We previously observed that a wide range of amino acid residues could be accommodated at the PR3 P3 subsite, whereas Tyr was more appropriate for PR3 (12) . We, therefore, constructed pNA substrates having the peptide sequences Ac-DYDA-and Ac-PYDA-from P4 to P1. The specificity constant for Ac-PYDA- NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 pNA (substrate 6) was higher than for Ac-DYDA-pNA (substrate 7), but substrate 7 was also hydrolyzed at a significant rate (Table 1 ). These two sequences were selected to construct peptidyl di(chlorophenyl) phosphonate esters as inhibitors of PR3.
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Synthesis and Inhibitory Properties of Ac-peptidyl P (O-C 6 H 4 -4-Cl) 2 Phosphonate Inhibitors and Their Biotinylated Derivatives-
The phosphonate inhibitors and their biotinylated derivatives ( Table 2 ) synthesized, purified by HPLC, and checked by mass spectrometry as described above were assayed for their capacities to inhibit the human neutrophil serine proteases PR3 and HNE by measuring residual activity after incubation with increasing amounts of each compound. We used the FRET substrates developed for each protease (ABZ-VADnVADYQ-EDDnp (27) (where nV stands for norvaline) and ABZ-APQQ-IMDDQ-EDDnp (28)). PR3 (1 nM final) was almost completely inhibited by incubation for 20 min with 0.5 M Ac-PYDA P (O-C 6 H 4 -4-Cl) 2 (compound 1), whereas HNE was not significantly inhibited. A far higher concentration of Ac-DYDA P (O-C 6 H 4 -4-Cl) 2 (compound 2) was necessary to completely inhibit PR3, in keeping with the kinetic data reported above, whereas HNE was not inhibited. We confirmed these observations by measuring the second order rate constants k obs /[I] in competition experiments between the PR3 substrate and each inhibitor (24) . The second order rate constant k obs /[I] for compound 1 was ϳ80 times greater than that for compound 2 ( Table 2 ). Replacing the charged Asp residue at P2 in compound 1 with an uncharged compound 1) (B) showing the relationship between the S4 and the S2 subsites of PR3. hydrophobic Phe residue (compound 3) reduced the k obs /[I] 80-fold ( Table 2 ). Whereas compound 3 inhibited recombinant K99L, I217R, and wtPR3 to similar extents, compound 1 inhibited wtPR3 far better than the two PR3 variants, illustrating the close relationship between the S2 and S4 subsites (Fig. 2) .
We replaced the N-terminal acetyl group by biotin in compounds 1 and 2 to generate molecular probes for identifying PR3 activity in liquid biological samples, cells, or tissues (compounds 4 and 5). This resulted in significantly greater k obs /[I] values ( Table 2 ). Thus incubating PR3 (1 nM final) for 20 min with a small molar excess of Bt-PYDA P (O-C 6 H 4 -4-Cl) 2 (compound 5) completely inhibited the enzyme, whereas HNE was not inhibited when the inhibitor concentration was even 100fold higher (Fig. 3, A and B) . The biotinylated inhibitor also enabled us to identify PR3 by Western blotting under reducing and denaturing conditions but not HNE (Fig. 3C ). Non-denaturing conditions prevented biotin being recognized by extravidin, suggesting that biotin helps the inhibitor interact with the binding site or stabilizes it. We constructed additional inhibitors with the same peptide sequence but bearing an aliphatic chain, a positive charge at their N terminus (compounds 6 -9), or a hydrophobic residue (compounds 10 and 11) ( Table 2 and Fig.  4 ) to examine the way biotin influences the interaction between phosphonate inhibitors and the active site of PR3. A five-carbon aliphatic chain improved the specificity constant, as much as biotin, which means that a hydrophobic moiety is enough to stabilize the inhibitor within the PR3 active site ( Table 2 ). Introducing PEG 66 as a spacer in compound 5 (compound 9) resulted in an inhibitor that was not fully selective for PR3 ( Table 2 ) but still selectively visualized the PR3-bound biotinylated inhibitor despite the fact that biotin was not recognized by extravidin or streptavidin in the HNE-compound 9 complex under non-denaturing/non-reducing conditions (Fig. 5 ). We next examined the capacities of these phosphonate inhibitors to inhibit PR3 when it was in a complex biological environment and resisted degradation by other proteases.
Selective Inhibition of PR3 by Bt-PYDA P (O-C 6 H 4 -4-Cl) 2 (compound 5) in a Human Neutrophil Lysate and in Biological
Samples-PR3 and its glycosylated forms present in a lysate of purified human neutrophils were totally inhibited by Bt-PYDA P (O-C 6 H 4 -4-Cl) 2 when assayed under the same experimental conditions as those used for purified proteases (Fig. 6, A  and B) . Furthermore, the inhibitor suffered no loss of activity when it was incubated with the neutrophil lysate for 20 min before HPLC analysis, indicating that the inhibitor resisted degradation in an environment replete with proteases ( Fig. 6C) .
We then analyzed the supernatants of 10 sputa from CF patients for their PR3 activity before and after incubation with compound 5 (150 nM final). All the biological samples cleaved the selective PR3 substrate in the absence of inhibitor, and cleavage was always at the PR3-specific bond. The estimated PR3 concentration of these samples was in the 0.1-1 M range based on the rate of substrate hydrolysis. Substrate hydrolysis was totally inhibited after incubation with compound 5 for 20 min, whereas HNE activity remained unchanged (Fig. 7A) . Compound 5 was also used to selectively label PR3 activity in CF sputum, and the findings compared with those obtained with anti-PR3 antibodies (Fig. 7, B and C) . The inhibitor was not broken down by crude supernatants, and the rate of PR3 inactivation was comparable to that of purified PR3. Thus, PR3 inhibition was not impaired by other soluble compounds in CF sputa. The same results were obtained with crude bronchoalveolar fluid samples (n ϭ 5) from patients with idiopathic pulmonary fibrosis (not shown).
We also used the urine of patients with bladder cancer as a model for detecting proteolytically active PR3 by compound 5. PR3 has been shown to be an antigenic marker of aggressive bladder cancer (29) , but there was no indication as to whether PR3 was proteolytically active or whether phosphonate inhibitors resist degradation in this heterogeneous environment. Urine samples from control subjects and patients with a bladder cancer (n ϭ 30) were concentrated 20-fold (controls) or 10-fold, PR3 activity was measured, and compound 5 was added before analysis by Western blotting. No activity was detected in the urines of controls in these experimental conditions. The active PR3 concentration in the cancer patient samples was estimated to be 0.1-1 nM based on the rate of substrate hydrolysis. Incubation for 20 min with compound 5 (50 nM final) completely inhibited the PR3 activity in the concentrated urine samples (Fig. 7D ). Urinary PR3 activity was selectively labeled and compared well with the data from anti-PR3 antibodies (Fig.  7, E and F) . Thus, the concentration of proteolytically active PR3 in the urine of patients with bladder cancer is elevated. It probably originates from cancer-associated neutrophils, as supported by our observation that other neutrophil-derived markers such as HNE and myeloperoxidase are also present in the urine of these patients (not shown).
Characterization of PR3 in Purified Neutrophils-Because the biotin in compound 9 still reacts with extravidin/streptavidin after the inhibitor has interacted with its target protease, we looked at the intracellular distribution of PR3 in purified permeabilized neutrophils. The whole cytoplasm of permeabilized neutrophils was intensely labeled but not the perinuclear environment, as previously observed for HNE (30) ( Fig. 8 and supplemental Video 1). There was no PR3 labeling at the cell surface which confirms that the small variable fraction of PR3 constitutively exposed on the surface of quiescent neutrophils is inactive (31) . Primed, activated neutrophils bear an "induced pool of active PR3" on their membranes, the binding of which clearly differs from that of HNE and affects the kinetic properties of the membrane-bound PR3 (PR3 m ) (32) . This results in increased resistance to inhibition by ␣-1-proteinase inhibitor, its main natural inhibitor in plasma (31) . The resistance has been attributed to steric hindrance of interactions with high molecular mass (50 kDa) serpin (33, 34) . We examined this hypothesis using the cell-impermeable low M r compound 1 to inhibit the PR3 on the surface of activated neutrophils purified from control subjects and patients with GPA. The phosphonate inhibitor behaved much like ␣-1-proteinase inhibitor as, despite its very small size (0.7 kDa), a large molar excess of inhibitor was needed to fully inhibit PR3 m (Fig. 9A ). We used flow cytometry and compound 9 to show that the PR3-inhibitor complexes remained at the surface of activated neutrophils (Fig. 9B ). Because the membrane binding site on the PR3 surface involves a hydrophobic patch located near the S4 subsite (34, 35) , we postulated that PR3 m was in a resting state conformation that prevented small molecule inhibitors from rapidly interacting with PR3 m (Fig. 9C ). We checked this by comparing the K m values of the interactions between a peptide PR3 sub- NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 strate, structurally similar to the phosphonate inhibitor, measured with the soluble and the membrane-bound proteases. The K m (determined by Hanes plot of the hydrolysis of PR3 substrate) for PR3 m was ϳ6 times higher than that for soluble PR3 indicating that the substrate binding region of PR3 m is not freely accessible to substrates or inhibitors, unlike that of the soluble, active form. By contrast, the K m of an HNE peptide substrate (ABZ-APQQIMDDQ-EDDnp) was the same when it was measured in a suspension of activated neutrophils and with purified HNE (not shown).
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DISCUSSION
PR3 and HNE are structurally very similar, and both are produced, stored and secreted at the same time by the same leukocytes. Both cleave protein substrates preferentially after small hydrophobic residues like Val/Ala and have long been regarded as proteases with almost indistinguishable substrate specificities. But evidence is slowly accumulating that each protease has a unique and non-redundant biological function that is mirrored by subtle differences in their overall structure. These affect their subcellular distributions and their substrate specificities (3, 36) . For example, human PR3 has a hydrophobic patch on its surface that is responsible for its exposure on the surface of quiescent neutrophils, whereas HNE does not. This probably explains why PR3 is a disease-specific major autoantigen in GPA (35) . The substrate binding specificities of PR3 and HNE extend to both sides of the cleaved peptide bond, so that subsites from S4 to S2Ј influence the rate of substrate cleavage and sensitivity to inhibitors (20, 37) .
Their stability, their lack of toxicity, and their selectivity make peptide derivatives of aminoalkyl phosphonate diphenyl esters convenient tools for in vitro and in vivo studies on the function and activity of serine proteases during the course of a variety of diseases (14) . The phosphonate moiety of these irreversible inhibitors interacts with the S1Ј site and forms a covalent bond with Ser-195. We have introduced an electron-withdrawing chlorine atom in the para position of the phenyl ester ring to increase the electrophilic potential of the phosphorous atom, thus making it more susceptible to the nucleophilic attack of the active site serine residue (38) . The selectivity of phosphonate inhibitors depends only on the non-prime specificity of the target protease, whereas the C-terminal phosphonate group occupies the S1Ј subsite of the protease. Selective PR3 substrates have exploited both the prime and non-prime final) . B, side (SS)-and forward (FS)-scatter of fixed, permeabilized purified neutrophils showing the homogeneity of the neutrophil population. C, flow cytometry analysis of permeabilized neutrophils that had been incubated with compound 9. The fluorescence of cells increased dramatically after incubation with compound 9 (green peak, mean fluorescence intensity ϭ 67073), but it increased much less when the cells had been first treated with the polyvalent serine protease inhibitor Ala-Ala-Pro-Val-CH 2 Cl (blue peak, mean fluorescence intensity ϭ 1900). D, fluorescence remained unchanged in cells preincubated with the elastase inhibitor EPI-hNE-4 (50) (magenta peak). The black peak shows the fluorescence of permeabilized neutrophils in the presence of streptavidin-Alexa Fluorா 488. E, confocal microscopy of permeabilized neutrophils treated first with EPI-hNE-4 and then incubated with compound 9 (right). Confocal microscope image stacks are as revealed with DAPI and streptavidin-Alexa Fluorா 488. (25) . Purified PR3 (1 nM) and PR3 m (ϳ1 nM based on the rate of substrate hydrolysis by ϳ1 million cells) were incubated with a range of concentrations of compound 1 for 20 min at RT in PBS, and residual activities were measured fluorometrically. A large molar excess of compound 1 was required to inhibit PR3 m on activated neutrophils. B, labeling of cell surface PR3 m . Shown is a representative flow cytometry analysis of A23187-activated neutrophils before and after incubation with compound 9. Activated neutrophils were incubated for 20 min at RT with 50 M compound 9 and visualized with streptavidin-Alexa Fluorா 488. The gray (mean fluorescence intensity ϭ 562) peak corresponds to unspecific binding of streptavidin-Alexa Fluorா 488, and the black (mean fluorescence intensity ϭ 1439) peak corresponds to labeled active PR3 m . The 2.5 Ϯ 0.4 (mean value of 4 independent experiments) -fold increase in mean fluorescence intensity shows that induced PR3 m interacts with compound 9 and that the complex lies on the cell surface. C, proposed explanation for the low activity of induced PR3 m and its stable exposure on activated neutrophils. Although constitutive PR3 is proteolytically inactive, induced PR3 m , which may be co-localized with NB1 (CD177) in lipid drafts on the neutrophil surface (51) , is in a resting state conformation that impairs the productive binding of substrates and inhibitors (left). An excess of substrate or inhibitor favors the conversion of latent PR3 m to its fully active form (right). specificity pockets (27) . We wanted to produce PR3 inhibitors that consisted only of non-prime residues and discriminated between PR3 and HNE. We, therefore, investigated the nonprime subsite specificity of PR3 using two PR3 mutants that mimic the S4 and S2 subsites of HNE, which are the most critical non-prime sites for distinguishing between PR3 and HNE (26) .
We used several FRET substrates that differed at the P4 and P2 positions to compare wtPR3, the two mutants of PR3 and HNE, followed by peptidyl-pNA substrates that have no prime side residues. These studies revealed a close cooperation between the S4 and the S2 subsites, which we exploited in our design of two short tetrapeptide sequences that are selectively recognized by PR3. DYDA and PYDA were chosen as the P4-P1 sequences to synthesize peptide derivatives of aminoalkyl phosphonate diphenyl esters. The two tetrapeptide derivatives were selective for PR3, but the second order inhibition constant k obs / [I] for the prolyl-containing inhibitor was 100 times larger, in keeping with the lesser ability of the PR3 S4 subsite to accommodate a negatively charged residue. Unexpectedly, biotinylation of the N terminus of Ac-PYDA P (O-C 6 H 4 -4-Cl) 2 improved the k obs /[I] ϳ25 times. This was probably because biotin improved the binding of the inhibitor to the protease. This idea is supported by the finding that biotin interacts poorly with extravidin/streptavidin once the inhibitor is bound to PR3. We also showed that attaching a short aliphatic sequence like hexanoic acid to the P4 prolyl residue of inhibitors improved inhibitor binding, whereas introducing a ϩ NH 2 Pro at P4 greatly impaired the interaction. This apparently contradicts previous results showing that an ϩ NH 3 -terminal residue poorly influenced the cleavage of FRET substrates bearing a prime extension and no Asp at P2 (20) . Stabilizing the short tetrapeptide sequence, as was done here depends greatly on the Asp at P2. This stabilization is most certainly compromised by the presence of ϩ NH 2 Pro in the environment of P2 ϭ Asp. This further emphasizes the cooperation between the S4 and S2 subsites in PR3.
We also verified that phosphonate inhibitors are still active and resist degradation in a milieu replete with proteases, such as neutrophil lysates, bronchoalveolar fluids, and sputa from patients with inflammatory lung diseases or the urine of patients with bladder cancer. A spacer like polyethylene glycol placed between the biotin moiety and the inhibitor P4 residue preserved inhibitory properties and allowed the biotin moiety to be recognized by extravidin/streptavidin. Thus the biotinylated inhibitor can be used as a probe for visualizing PR3 activity in situ in permeabilized neutrophils by confocal microscopy. Unlike HNE, whose distribution is mainly perinuclear (30, 39) , PR3 activity is present in punctate areas throughout the cytoplasm of neutrophils. This agrees with the results obtained by immunocytochemistry showing that the PR3 autoantigen, the target of cANCA (anti-neutrophil cytoplasmic antibodies), is distributed throughout the cytoplasm, whereas the HNE antigen (40, 41) , the target of some pANCA (42, 43) , is concentrated in the perinuclear region.
The most striking feature of PR3 is its constitutive expression as a proteolytically inactive form at the neutrophil surface and the peculiar binding of its induced form to the surface of acti-vated neutrophils. This particular binding depends on a hydrophobic patch located beyond the S4 subsite of the protease (Phe-165, Phe-166, Phe-215, Ile-217, Trp-218, Phe-224) (26) . The other neutrophilic serine proteases, HNE and cathepsin G, lack this hydrophobic patch (35, 44) as does rodent PR3. This difference between humans and rodents seriously complicates the use of rodents for studies on PR3 in vivo (45) . We previously reported a weak PR3 activity in suspensions of activated human neutrophils (31) . We also observed that induced PR3 m was poorly inhibited by its main natural plasma inhibitor ␣-1-proteinase inhibitor and attributed this to steric hindrance at the cell surface. We now find that low molecular weight phosphonate inhibitors behave in the same way as ␣-1-proteinase inhibitor and that a large molar excess of inhibitor is need to fully inhibit PR3 in a suspension of activated neutrophils. This phenomenon cannot be readily accounted for by steric hindrance. The PR3 hydrophobic patch should not impair access of low M r phosphonate inhibitors to the PR3 active site cleft. The weak PR3 m activity and its resistance to inhibition might be due to its conformation being distorted; we recently used the monoclonal Ab MCPR3-7 to show that PR3 is in equilibrium between a highly favored active conformation and an inactive conformation (46) . This antibody inhibits PR3 activity by an allosteric mechanism and competes with the neutrophil membrane for the binding of PR3. Interaction of the hydrophobic patch of PR3 m with NB1 (CD177) or lipid rafts on the neutrophil surface might well employ the same mechanism to affect the substrate and inhibitor binding subsites. The conversion of the resting or latent conformation to the fully active form would be induced by an excess of substrate or inhibitor. This is consistent with our observation that the K m for cleavage of a peptide substrate by PR3 in a suspension of neutrophils is about six times greater than that of PR3 in solution. PR3 m , therefore, seems to function much like other serine proteases, granzyme K, FIXa, DF, degP, and ␣-tryptase that have a resting state conformation due to one or more distorted loops surrounding the active site cleft that impair the productive binding of substrates and inhibitors (47) .
The relative resistance of induced PR3 m to inhibition and its apparently reduced enzymatic activity make it different from HNE, which remains fully active at the neutrophil surface and is easily removed from the surface by ␣-1-proteinase inhibitor (31, 48) . This peculiar behavior of PR3 m results in the prolonged exposure of a latent form of the protease at the cell surface during inflammatory episodes. This exposure of a latent activatable form plus the permanent, genetically determined, exposure of inactive PR3 at the cell surface could well explain why this protease is the major autoantigen mediating the binding of anti-PR3 antibodies and the subsequent activation of blood neutrophils in GPA.
